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processes	 to	 investigate	 factors	 shaping	 infection	 loads	 (fecal	egg/oocyte	 load)	of	
two	energetically	costly	gastrointestinal	parasites:	the	hookworm	Ancylostoma	and	
the	 intracellular	 Cystoisospora,	 in	 juvenile	 spotted	 hyenas	 (Crocuta crocuta)	 in	 the	
Serengeti	 National	 Park,	 in	 Tanzania.	We	 also	 assess	 whether	 parasite	 infections	
curtail	survival	to	adulthood	and	longevity.	Ancylostoma and Cystoisospora	infection	
loads	declined	as	the	number	of	adult	clan	members	 increased,	a	result	consistent	
with	 an	 encounter-reduction	 effect	whereby	 adults	 reduced	 encounters	 between	
juveniles	and	infective	larvae,	but	were	not	affected	by	the	number	of	juveniles	in	a	
clan.	Infection	loads	decreased	with	age,	possibly	because	active	immune	responses	
to	 infection	 improved	with	 age.	Differences	 in	parasite	 load	between	 clans	possi-
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1  | INTRODUC TION
Parasites	 and	 their	 mammalian	 hosts	 have	 complex	 and	 dynamic	
relationships	 (Bush,	 Fernández,	 Esch,	&	 Seed,	 2001;	 Irvine,	 2006;	
Knowles	 et	 al.,	 2013;	 Lello,	 Boag,	 Fenton,	 Stevenson,	 &	 Hudson,	
2004)	with	long	joint	evolutionary	histories	(Hafner	&	Nadler,	1988).	






&	Wachter,	 2019).	 This	 heterogeneity	 is	 thought	 to	 be	 shaped	 by	
interactions	 between	 numerous	 factors	 associated	 with	 the	 host,	









Graham,	&	Read,	2009).	There	 is	growing	 interest	 in	 the	effect	of	
GI	 parasite	 infections	on	health	 status	 and	 components	of	 fitness	
such	 as	 survival,	 longevity,	 and	 reproductive	 success	 in	mammals	








Resistance	 to	 parasite	 infection	 depends	 on	 both	 intrinsic	 and	
extrinsic	factors	(Ardia,	Parmentier,	&	Vogel,	2011;	Hayward	et	al.,	
2011;	Jackson	et	al.,	2011).	 In	mammals,	age	is	one	intrinsic	factor	
that	 can	 alter	 resistance	 to	 infection,	 because	 immune	 processes	
generally	 improve	from	early	 life	 to	adulthood	and	then	decline	 in	















asites	 might	 compromise	 a	 host's	 nutritional	 status,	 thereby	 cur-
tailing	 resource	 allocation	 to	 immune	 processes.	When	 this	 leads	

























dividuals	 (Marescot	et	al.,	2018).	High-ranking	 individuals	 in	mam-
malian	groups	 typically	have	greater	access	 to	 food	resources	and	
a	higher	nutritional	status	than	low-ranking	individuals,	and	as	a	re-
sult,	offspring	reared	by	high-ranking	mothers	are	often	better	nour-
ished	 than	 those	 reared	by	 low-ranking	mothers	 (Clutton-Brock	&	
Huchard,	2013;	Hofer,	Benhaiem,	Golla,	&	East,	2016).	This	suggests	
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study	extended	knowledge	on	the	composition	and	diversity	of	the	
bacterial	microbiome	 and	 eukaryome	 in	 this	 species	 (Heitlinger	 et	
al.,	2017).	Spotted	hyenas	(hereafter	termed	hyenas)	are	social	car-




fluctuations	 in	 food	 abundance	 in	 clan	 territories	 (Hofer	 &	 East,	
1993a,	1993b).	High-ranking	females	have	priority	of	access	to	food	








Low-ranking	mothers	 have	 longer	 internursing	 intervals	 (Hofer	 et	
al.,	2016),	and	their	offspring	have	lower	growth	rates	and	are	less	
likely	to	survive	to	adulthood	than	offspring	of	high-ranking	moth-




Our	 study	 aims	 to	 investigate	 determinants	 of	 both	
Ancylostoma	 (nematode)	 and	 Cystoisospora	 (coccidian)	 infection	
loads	in	high-ranking	and	low-ranking	juvenile	spotted	hyenas	and	
to	 assess	 the	 resistance	 and	 tolerance	 of	 juveniles	 in	 these	 two	
social	 categories	 to	parasite	 infection.	We	 focus	on	Ancylostoma 
and	Cystoisospora	because	both	have	direct	 life	cycles	 that	need	
no	 intermediary	host,	both	cause	damage	 to	 the	epithelial	 lining	
of	 the	 small	 intestine,	 and	 are	 considered	 energetically	 costly	
parasites	(East	et	al.,	2015;	Seguel	&	Gottdenker,	2017;	Shrestha	
et	 al.,	 2015).	 We	 test	 predictions	 derived	 from	 six	 hypotheses:	
(a)	 the	 resource	 allocation	 hypothesis	 of	 life-history	 theory	 ex-
pects	 high-ranking	 juveniles	 to	 have	 lower	 infection	 loads	 than	
low-ranking	 juveniles,	because	 they	should	have	more	 resources	




The	 transmission	of	Cystoisospora	 by	 the	 fecal–oral	 route	during	
social	 contacts	 predicts	 higher	 infection	 loads	 in	 high-ranking	













2  | MATERIAL S AND METHODS
2.1 | Study host population
The	study	was	conducted	between	March	2010	and	August	2011	
in	 three	 large	clans	 that	held	 territories	at	 the	 junction	between	
the	woodland	and	plains	in	the	center	of	the	Serengeti	NP.	As	this	
area	is	not	within	either	the	wet	or	dry	season	ranges	of	the	migra-
tory	ungulates,	 females	 in	all	 three	clans	conducted	regular	 long	














range	of	 characteristics	 (pelage,	 size,	 locomotion)	when	 first	de-
tected,	typically	within	their	first	few	weeks	of	life,	as	previously	
described	(East	et	al.,	2003;	Golla,	Hofer,	&	East,	1999).	Sex	was	








ioral	 support	 they	 receive	 from	 their	mother	during	 interactions	
with	other	members	of	the	clan	(East	et	al.,	2009;	Smale,	Frank,	&	
Holekamp,	1993).	As	a	result,	 juveniles	were	allocated	the	social	
rank	 held	 by	 their	mother	 on	 the	 day	 the	 juvenile	was	 sampled	
(Hofer	&	East,	 2008).	 To	 construct	 linear	 dominance	hierarchies	
for	 females	 in	 each	 clan,	we	 recorded	 ad	 libitum	 submissive	 be-
haviors	during	dyadic	 interactions	between	adult	 females	during	
frequent	 observation	 periods	 of	 approximately	 three	 hours	 at	
dawn	and	dusk,	mostly	at	the	clan's	communal	den,	as	previously	
detailed	 (East	 et	 al.,	 2003;	 Hofer	 &	 East,	 2003).	 Dominance	 hi-

















The	 GI	 parasite	 community	 in	 juveniles	 found	 by	 this	 study	 in-
cluded	 helminths	 (Ancylostoma,	 Spirurida	 and	 Trichuris, Dipylidium,	
Diphyllobothrium,	 Taeniidae)	 and	 the	 apicomplexan	 Cystoisospora 







































oocyst	 counts	 (FOCs,	 oocysts/g	 feces)	 as	 previously	 described	
(East	et	al.,	2015;	Heitlinger	et	al.,	2017)	using	the	McMaster	egg	
flotation	 technique	 following	Foreyt	 (2001).	We	 screened	2	g	of	
feces	per	sample	and	used	a	potassium	iodide	(KI)	solution	with	a	
specific	weight	of	1.5	g/ml	and	with	a	dilution	ratio	of	1:15	(Meyer-
Lucht	&	Sommer,	2005).	The	McMaster	 slide	 counting	 chambers	
were	loaded	and	left	for	5	min	before	parasite	eggs/oocysts	were	
identified,	 measured,	 and	 counted	 in	 four	 chambers	 per	 sample	
using	 a	 compound	 microscope	 at	 100×	 magnification	 (Jenaval,	
Carl	 Zeiss).	 Taxa	 were	 identified	 by	 conventional	 morphological	
criteria	using	veterinary	parasitology	reference	manuals	(Bowman,	
Hendrix,	&	Lindsay,	2002;	Eckert,	Friedhoff,	Zahner,	&	Deplazes,	







TA B L E  1  Gastrointestinal	parasite	taxa	in	154	samples	from	juvenile	spotted	hyenas	(N	=	96)	identified	in	fecal	samples
Parasite Phylum Prevalence Mean intensity Median intensity Mean abundance
Ratio variance/
mean abundance
Ancylostoma Nematoda 94.2 1,784 503 1,680 13,530
Dipylidium Platyhelminthes 59.7 – – – –
Cystoisospora Apicomplexa 53.0 1,811 114 976 40,783
Diphyllobothrium Platyhelminthes 50.0 9,732 2,451 4,866 73,146
Taeniidae Platyhelminthes 8.4 24 16 2 83
Trichuris Nematoda 8.4 29 16 2 105











three	of	 five	 taxa,	 there	was	a	 chance	of	 a	 false-negative	 result;	
hence,	 results	 from	 these	 three	 taxa	 should	 be	 interpreted	with	
caution.
For	 Ancylostoma duodenale,	 fecundity	 (the	 number	 of	 eggs/g	
feces	per	worm)	 is	density-dependent,	declining	 from	287	eggs	 to	
approximately	100	eggs	for	the	first	100	worms	and	then	remains	
largely	 independent	 thereafter	 (Anderson	 &	 Schad,	 1985);	 hence,	
FECs	 are	 a	 reasonable	 index	 of	 adult	 worm	 infection	 load.	 Also,	
Heitlinger	 et	 al.	 (2017)	 found	a	 significant	positive	 correlation	be-
tween	egg	or	oocyst	counts	and	the	amount	of	parasite	DNA	in	the	
feces	 for	 the	 taxa	 identified	as	Ancylostoma,	Diphyllobothrium,	 and	







eggs,	whereas	when	 egg	packages	 are	 broken,	 eggs	 are	 spread	 in	


















els	 (GLMM)	using	the	package	“lme4”	 (Bates	et	al.,	2015)	 in	which	
Ancylostoma	 load	(Table	2)	and	transformed	log10(1+)	Cystoisospora 




individual	 ID	as	 random	effect	 to	prevent	pseudoreplication	of	38	
individuals	contributing	more	than	one	fecal	sample.
Fixed	 effect	 predictors	 of	 parasite	 load	 were	 (a)	 clan	 mem-
bership—an	index	of	environmental	variability	 in	terms	of	abiotic	
conditions	 in	the	vicinity	of	clan	communal	den	sites,	which	may	
affect	 the	 survival	of	parasite	eggs/oocysts	and	 infective	 stages	
(Altizer	 et	 al.,	 2006),	 (b)	 absolute	 number	 of	 juvenile	 clan	mem-
bers—an	 index	 of	 social	 contact	 between	 juveniles	 at	 the	 clan	
TA B L E  2  Predictors	of	Ancylostoma	load	(eggs/g	feces)	in	juvenile	spotted	hyenas	(N	=	154)	as	estimated	by	a	mixed-effect	negative	
binomial	regression
Fixed effect Estimate SE
CI
z p df G p AIC ΔAICLow Low
(Intercept) 10.45 1.83 NA NA 5.70 <0.001      
Age	at	sampling −0.01 0.001 NA NA −5.48 <0.001 1 22.14 <0.001 2,584.6 20.1
No.	of	coinfecting	GI	para-
site	taxa* 
0.41 0.13 NA NA 3.22 0.001 1 10.59 0.001 2,573.1 8.6
Clan	Isiaka**  1.76 0.65 NA NA 2.73 0.01 2 8.59 0.01 2,569.1 4.6
Clan	Mamba**  1.68 0.73 NA NA 2.29 0.02
Maternal	rank	(high	>	low) −0.39 0.25 NA NA −1.55 0.12 1 2.60 0.11 2,565.1 0.6
Number	of	adult	clan	
members
−0.06 0.03 NA NA −2.09 0.04 1 15.17 <0.001 2,577.7 13.2
Number	of	juvenile	clan	
members































Lemeshow,	&	 Sturdivant,	 2013).	 To	 assess	 the	 global	 goodness	 of	




To	 investigate	 factors	 influencing	 survival	 to	 adulthood	 at	
2	 years	 of	 age,	 we	 selected	 samples	 from	 juveniles	 younger	 than	
12	months	 (364	 days).	 This	 resulted	 in	 a	 dataset	with	 135	 samples	









To	 investigate	 the	 tolerance	 of	 juveniles	 to	 high	 Ancylostoma 
infection	 load	 and	 to	 infection	with	Cystoisospora,	we	 determined	
the	 longevity	 (in	 days)	 of	 those	 juveniles	 sampled	 before	 the	 age	











study	 (31	 July	 2018)	 if	 they	were	 still	 alive	 on	 that	 day.	We	used	




curves	for	maternal	 rank	 (high	and	 low)	but	chose	 infection	status	




z p df G p AIC ΔAICLow High
(Intercept) 1.63 0.87 −0.12 3.39 1.86 0.06 –     
Age	at	sampling −0.001 0.001 −0.003 −0.00002 −1.96 0.05 1 4.95 0.05 481.83 1.95
No.	of	coinfecting	GI	
parasite	taxa* 
0.22 0.08 0.05 0.39 2.63 0.01 1 6.79 0.01 484.68 4.8
Clan	Isiaka**  1.48 0.33 0.82 2.14 4.44 <0.001 2 18.24 <0.001 494.12 14.24
Clan	Mamba**  1.34 0.37 0.61 2.10 3.61 <0.001
Maternal	rank	(high	>	low) 0.06 0.15 −0.24 0.35 0.42 0.68 1 0.17 0.68 478.06 −1.82
Number	of	adult	clan	
members
−0.04 0.01 −0.07 −0.01 −2.95 0.003 1 8.49 0.004 486.37 6.49
Number	of	juvenile	clan	
members


















survivorship	 function	had	8	 individuals	 sampled	 twice	with	differ-
ent	Cystoisospora	 infection	 status	 categories.	To	 avoid	pseudorep-
lication,	we	chose	one	sample	per	individual	randomly.	This	dataset	
contained	50	juveniles.
This	 survival	 analysis	was	 conducted	using	 the	R	 package	 sur-
vival	v.2.38	(Therneau,	2015).
In	all	statistical	models,	 the	significance	threshold	was	fixed	at	





of	 juvenile	 hyenas	 (Table	 1).	 Infection	 prevalence	 was	 94.2%	 for	






















































































































































































7 7 5 4 4 3 3 2 1 1 1 1 1 1 1 1 1 0
13 13 12 10 10 9 3 3 3 2 2 2 2 2 1 1 1 0
10 9 6 6 4 3 3 2 2 1 1 1 1 1 1 1 1 1
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Number at risk:
Groups:
High rank; High Ancylostoma load
High rank; Low Ancylostoma load
Low rank; High Ancylostoma load
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10 10 10 8 8 6 5 4 3 2 2 2 2 2 1 1 1 0
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High rank; Cystoisospora positive
High rank; Cystoisospora negative
Low rank; Cystoisospora positive
Low rank; Cystoisospora negative
(b)
(a)
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Ancylostoma	and	53.9%	for	Cystoisospora.	Infection	loads	were	overd-
ispersed	(variance	to	mean	abundance	ratios	>	1,	Table	1)	for	all	seven	




on	 the	 presence	 of	Dipylidium	 proglottids	 on	 feces	 at	 the	 time	 of	
collection	were	 combined	with	 egg	 count	 data.	 Changes	 of	 infec-






quent.	 Individuals	were	 infected	with	0–5	parasite	 taxa,	 the	mean	
number	of	parasite	taxa	per	individual	was	2.8	±	1.2	(N	=	154).	The	
frequency	 distribution	 of	 the	 number	 of	 different	 parasite	 taxa	
found	in	individual	hyenas	is	illustrated	in	Figure	4.
Several	 factors	 influenced	Ancylostoma	egg	 load	 (log-likelihood	








Survival	 to	 adulthood	 among	 juveniles	 sampled	 in	 the	 first	
12	 months	 of	 life	 (log-likelihood	 ratio	 test,	 G	 =	 33.38,	 df	 =	 6,	








first	4	 years	of	 life,	 high-ranking	 juveniles	with	 low	Ancylostoma 
loads	 (Figure	 1a)	 had	 an	 overall	 better	 survivorship	 than	 those	
with	 high	 Ancylostoma	 loads.	 The	 survivorship	 of	 low-ranking	
juveniles	with	 high	Ancylostoma	 loads	was	mostly	 below	 that	 of	




parasite,	 whereas	 low-ranking	 juveniles	 that	were	 infected	with	




In	 line	 with	 other	 studies	 on	 parasite	 infections	 in	 free-ranging	
wild	 mammals,	 our	 study	 on	 spotted	 hyenas	 revealed	 substantial	
heterogeneity	 between	 juveniles	 in	 both	 their	 Ancylostoma	 and	
Cystoisospora	 infection	 loads	 (Figure	 2)	 and	 their	 number	 of	 coin-
fecting	parasite	 taxa	 (Table	1,	 Figure	4).	Consistent	with	evidence	
that	immune	processes	in	juvenile	mammals	improve	with	age,	both	
Ancylostoma	 (Table	 2)	 and	Cystoisospora	 (Table	 3)	 loads	 decreased	








contrary	 to	 expectation,	we	 found	no	evidence	 that	Cystoisospora 
loads	were	affected	by	social	interactions	among	juveniles	(Table	3),	
possibly	because	asexual	reproduction	by	Cystoisospora	 in	infected	
intestinal	 epithelial	 cells	 contributes	 more	 to	 elevating	 infection	
loads	 in	 individuals	 than	 fecal–oral	 transmission	 during	 social	 in-
teractions.	We	found	evidence	that	the	survival	of	young	juveniles	
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to	 adulthood	 (Table	 4)	 decreased	 as	 Ancylostoma	 infection	 loads	
increased	 but	 was	 not	 affected	 by	 Cystoisospora	 infection	 loads	
(Table	4).	 Furthermore,	 the	 longevity	of	 young	 juveniles	with	high	
Ancylostoma	 infection	 loads	was	poor	compared	to	those	with	 low	
Ancylostoma	infection	load,	and	this	was	particularly	so	in	juveniles	
reared	 by	 low-ranking	mothers	 (Figure	 1).	 These	 findings	 indicate	
that	 energetically	 costly	 parasites	 such	 as	 Ancylostoma	 can	 have	





(Hofer	 et	 al.,	 2016;	Hofer	&	 East,	 2003).	During	 this	 early	 period	
of	 life,	 they	 often	 have	 their	 peak	 infection	 loads	 of	Ancylostoma,	
Cystoisospora,	and	Diphyllobothrium	(Figure	3)	and	hence	their	peak	
energetic	 costs	 of	 infection	 with	 these	 parasites.	 The	 survival	 of	
juveniles	 to	 adulthood	 and	 their	 longevity	 were	 the	 two	 compo-
nents	of	Darwinian	fitness	we	used	to	 investigate	the	fitness	con-
sequences	 of	Ancylostoma	 infection	 loads	 in	 juvenile	 hyenas.	 Our	
analyses	revealed	evidence	that	survival	to	adulthood	decreased	as	
Ancylostoma	infection	loads	increased	(Table	4)	and	that	high-rank-
ing	 juveniles	 had	 a	 higher	 probability	 of	 reaching	 adulthood	 than	





period,	 their	 probability	 of	 survival	was	 then	 similar	 to	 the	higher	
survival	of	high-ranking	juveniles	(Figure	6).	We	also	found	evidence	
that	 in	 both	 high-ranking	 and	 low-ranking	 juveniles,	 survivorship	
(longevity)	appears	to	be	less	in	animals	with	high	than	those	with	low	
Ancylostoma	loads.	High-ranking	juveniles	with	high	infection	loads	
lived	 longer	than	 low-ranking	 juveniles	with	high	 loads	 (Figure	1a).	
This	 result	 is	 based	on	 a	 relatively	 small	 number	 of	 juveniles,	 and	




absence	of	 a	maternal	 rank	effect	on	Ancylostoma	 loads	 (Table	2),	
we	 interpret	 these	 results	 to	 indicate	 that	high	Ancylostoma	 loads	
decrease	longevity.	Furthermore,	we	interpret	the	lack	of	a	maternal	















mothers	 (Hofer	&	East,	 1993c,	 2003).	As	 a	 result,	 during	 the	 first	
6	months	of	 life,	when	growth	 is	fueled	by	milk,	 low-ranking	 juve-
niles	are	nursed	 less	often	and	overall	 receive	 less	milk	 than	high-
ranking	juveniles	(Hofer	et	al.,	2016).	Furthermore,	juveniles	in	our	
study	population	with	low	growth	rates	in	the	first	6	months	of	life	




reported	 to	 retard	 juvenile	 growth,	 and	 cause	 anemia	 and	malnu-
trition	 in	other	mammals	 (Sakti	 et	 al.,	 1999;	 Seguel	&	Gottdenker,	
2017;	Stoltzfus	et	al.,	2004).	This	suggests	 that	 the	energetic	cost	
of	 high	 Ancylostoma	 infection	 loads	 in	 rapidly	 growing,	 milk-de-
pendent	 juvenile	hyenas	may	compromise	growth	and	 thus	curtail	
survival	to	adulthood.	This	 idea	is	supported	by	evidence	that	pup	
growth	 in	New	Zealand	sea	 lion	 (Phocarctos hookeri)	 is	 reduced	by	
infection	with	the	hookworm	Uncinaria	sp	(Chilvers	et	al.,	2009),	and	
body	mass,	 fat	deposits,	 and	 fecundity	 in	 reindeer	 (Rangifer taran-
dus platyrhynchus)	are	reduced	by	the	nematode	Ostertagia gruehneri 
(Stien	et	al.,	2002).	Using	all	these	strands	of	evidence,	we	interpret	
our	current	finding	to	suggest	that	high-ranking	juveniles	are	more	
tolerant	 of	 high	 Ancylostoma	 infection	 loads	 than	 low-ranking	 ju-
veniles,	because	 they	are	generally	better	nourished	and	 thus	can	













Although	we	 found	 no	 evidence	 that	 high	Cystoisospora	 infec-
tion	 loads	 decreased	 the	 survival	 of	 juvenile	 hyenas	 to	 adulthood	
(Table	 4),	 the	 survival	 probability	 for	 low-ranking	 individuals	 that	
were	infected	with	Cystoisospora	when	they	were	juveniles	was	lower	
throughout	 the	 juvenile	period	and	 into	early	adulthood	 than	 that	
of	 low-ranking	 juveniles	 not	 infected	 by	Cystoisospora	 (Figure	 1b).	
Our	study	does	not	assess	infection	loads	during	the	first	few	weeks	
after	birth	when	we	are	unable	 to	obtain	 feces	 from	cubs;	hence,	
we	cannot	rule	out	the	possibility	that	 infection	during	this	period	











significant	effect	of	high	oocyst	 infection	 load	on	 juvenile	survival	
to	adulthood.
Our	analysis	found	no	evidence	for	the	expected	positive	rela-
tionship	 between	Cystoisospora	 loads	 in	 juveniles	 and	 the	 number	
of	 juveniles	 in	a	clan	 (Table	3).	This	 relationship	was	expected	be-
cause	Cystoisospora	 is	 transmitted	by	 the	 fecal–oral	 route	 and	 so-
cial	 interactions,	 particularly	 greeting	 ceremonies	 between	 young	
juveniles,	 in	 which	 participants	 sniff	 and	 lick	 their	 partner's	 anal	
genital	region	(East,	Hofer,	&	Wickler,	1993),	might	be	expected	to	
increase	with	the	number	 juveniles	 in	a	clan	 (Olarte-Castillo	et	al.,	











as	 juvenile	 age	 increases	 (Table	 3).	 These	 findings	 suggest	 that	 at	
any	given	 time,	high	 infection	 loads	are	probably	mostly	 apparent	
in	 a	 few	 younger	 juveniles	 in	 a	 clan.	 It	 is	 possible	 that	 high	 infec-
tion	loads	in	these	individuals	may	be	linked	to	rapid	asexual	repro-
duction	of	the	parasite	within	the	intestinal	epithelial	cells	of	some	
individuals,	 followed	 by	 sexual	 reproduction	 and	 the	 shedding	 of	
high	 oocyst	 loads—rather	 than	 high	 infection	 loads	 resulting	 from	
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fecal–oral	 transmission	during	 social	 interactions	or	 from	environ-
mental	contamination.	Juveniles	that	shed	high	Cystoisospora	oocyst	
loads	may	 act	 as	 “super-shedders”	 for	 infection.	 “Super-shedders”	
are	 thought	 to	 be	 important	 for	 disease	 transmission	 in	 several	











feeders	 (Adelman,	Moyers,	Farine,	&	Hawley,	2015)	 and	 savannah	















al.,	 1996).	Hyenas	 are	 infected	when	Ancylostoma	 infective	 larvae	
either	burrow	into	their	feet	or	pass	from	infected	mothers	to	their	

































reduce	 the	 chance	 of	 juveniles	 encountering	 infective	 stages	 be-
cause	the	Ancylostoma	 infection	 load	 in	the	feces	of	adult	 females	
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(East	et	al.,	2015)	is	typically	less	than	that	in	feces	produced	by	ju-





personal	observations).	This	 suggests	 that	Ancylostoma	 larvae	and	
Cystoisospora	oocysts	may	develop	and	survive	less	well	in	adult	than	
juvenile	 feces.	 These	 three	 possible	 encounter-reduction	 effects	
may	all	contribute	to	the	negative	relationship	between	Ancylostoma 
and	 Cystoisospora	 infection	 loads	 in	 juveniles	 and	 the	 number	 of	
adults	in	the	clan.	Encounter-reduction	effects	have	been	reported	




In	 line	 with	 the	 findings	 of	 previous	 studies	 that	 provide	 evi-
dence	that	immunocompetence	in	juvenile	mammals	improves	with	
age	 (Koudela	&	Kučerová,	 1999;	 Ramsburg	 et	 al.,	 2003;	 Simon	 et	
al.,	 2015),	 both	 Ancylostoma	 and	 Cystoisospora	 infection	 loads	 in	
juvenile	 hyenas	 decreased	 with	 age	 (Tables	 2,	 3).	 This	 age	 effect	
was	 also	 apparent	 for	 infection	 with	 Ancylostoma, Cystoisospora, 






fective	 immune	 responses	 due	 to	 qualitative	 differences	 in	 the	T-
cell	populations	of	juveniles	and	adults	(Ramsburg	et	al.,	2003),	and	
naïve,	mostly	young	animals	that	lack	exposure	to	pathogen	antigens	
have	 not	 developed	 the	 acquired	 immune	 responses	 that	 develop	
as	a	result	of	exposure	(Cattadori	et	al.,	2005;	Koudela	&	Kučerová,	












Our	 results	 revealed	 a	 significant	 effect	 of	 clan	 membership	
on	both	Ancylostoma	(Table	2)	and	Cystoisospora	(Table	3)	infection	
loads,	with	 juveniles	 in	 the	 Isiaka	and	Mamba	clans	having	higher	
TA B L E  4  The	effects	of	Ancylostoma	and	Cystoisospora	load	(eggs/oocysts/g	feces),	age,	and	maternal	social	status	on	survival	to	
adulthood	(at	2	years	of	age)	for	less	than	one-year-old	juvenile	spotted	hyenas	(N	=	84)
Parameter
Regression coefficients Odds ratios




Lower Upper Lower Upper
(Intercept) −0.32 1.47 −0.22 0.83    −3.36 2.50 0.72 0.03 12.16
Ancylostoma 
egg	load
−0.0001 0.0001 −2.07 0.04 1 4.78 0.03 −0.0003 −0.00001 1.00 1.00 1.00
Cystoisospora 
oocyst	load
0.0001 0.0001 1.00 0.32 1 1.70 0.19 −0.00003 0.0003 1.00 1.00 1.00
Age	at	
sampling
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infection	 loads	 than	 those	 in	 the	Pool	 clan.	 This	 finding	 suggests	
that	the	survival	of	eggs,	oocysts,	and	infective	larvae	at	den	sites	
in	the	Pool	clan	territory	was	lower	than	those	in	the	Mamba	and	
Isiaka	 clan	 territories,	 possibly	 because	 of	 abiotic	 conditions	 that	
reduce	 survival,	 such	 as	 high	 ambient	 temperatures	 and	 low	 soil	
moisture	 (Turner,	 Versfeld,	 Kilian,	 &	 Getz,	 2012;	 Urquhart	 et	 al.,	
1996).	Clan	differences	in	infection	loads	may	also	result	from	be-
havioral	differences	between	 juveniles	 in	 the	Pool	and	other	 two	
clans.	For	example,	juveniles	in	the	Pool	clan	may	have	more	often	
changed	 the	 location	 of	 the	 latrines	 they	 used	 than	 those	 in	 the	
other	two	clans,	thereby	avoiding	latrines	highly	contaminated	with	
infective	stages.	Similarly,	the	use	of	latrines	in	shorter	vegetation	
where	 peak	 daytime	 temperatures	were	 higher	 and	 soil	moisture	





juvenile	 hyenas	 (Table	 1,	 Figure	 4).	 Our	 results	 revealed	 that	 as	
either	Ancylostoma	 (Table	 2,	 Figure	 5a)	 or	Cystoisospora	 (Table	 3,	
Figure	5b)	 loads	 increased,	 the	number	of	 coinfecting	GI	parasite	
taxa	 hosted	 per	 juvenile	 also	 increased.	 The	 explanation	 for	 the	
positive	relationship	between	infection	loads	and	coinfecting	taxa	
is	 unknown	 and	 requires	 further	 research.	 As	maternal	 rank	 cat-




ranking	 juveniles,	 and	 thus,	 the	 role	 of	 immune	 processes	 in	 de-
termining	 the	number	of	 coinfecting	parasite	 taxa	 is	 also	unclear.	
Even	though	potential	interactions	between	taxa	in	the	GI	parasite	
community	of	juvenile	hyenas	are	unknown,	there	was	a	tendency	
for	an	 increase	 in	 juvenile	survival	 to	adulthood	with	 the	number	
of	coinfecting	GI	parasite	taxa	per	host	(Table	4).	This	suggests	the	
intriguing	 idea	 that	 the	 fitness	cost	of	a	more	diverse	GI	parasite	
community	may	be	lower	than	one	dominated	by	a	limited	number	
of	 taxa.	Previously,	we	 found	 that	 the	eukaryome	 in	high-ranking	
hyenas	is	more	diverse	than	that	of	low-ranking	animals	(Heitlinger	
et	 al.,	 2017)	which	may	 indicate	 that	high-ranking	animals	have	a	
more	diverse,	stable,	and	ecologically	“healthy”	GI	community	than	
low-ranking	animals.
Our	 study	 identifies	 several	 factors	 that	 shape	 heterogene-
ity	 of	 parasite	 infections	 among	 juveniles	 in	 a	 wild	 social	 mammal.	
Disentangling	key	environmental	 factors,	parasite–host	mechanisms,	








We	 are	 grateful	 to	 the	 Commission	 for	 Science	 and	 Technology	 of	
Tanzania,	 the	 Tanzania	 Wildlife	 Research	 Institute,	 and	 Tanzania	
National	 Parks	 for	 their	 support	 of	 our	 research.	 We	 thank	 the	
Deutsche	 Forschungsgemeinschaft	 (grants	 EA	 5/3-1,	 DFG-Grako	
2046	Parasitic	Infections)	and	the	Leibniz	Institute	for	Zoo	and	Wildlife	
Research	 for	 financial	 assistance.	 We	 thank	 Malvina	 Andris,	 Nelly	
Boyer,	Annie	Francis,	Robert	Fyumagwa,	Janine	Helms,	Stephan	Karl,	
Sonja	Metzger,	Thomas	Shabani,	and	Dagmar	Thierer	for	assistance.









































F I G U R E  7  Spotted	hyenas	at	the	communal	den
8796  |     FERREIRA Et Al.










E THIC AL APPROVAL
All	protocols	were	noninvasive	and	adhered	to	the	laws	and	guide-
lines	of	Tanzania.	Permission	 to	 conduct	 research	 in	Tanzania	was	
granted	to	HH,	ME,	and	SF	by	the	Tanzania	Commission	for	Science	
and	Technology	through	the	Tanzanian	Wildlife	Research	Institute.	
Permission	 to	 undertake	 research	 within	 the	 Serengeti	 National	









Susana Carolina Martins Ferreira  https://orcid.
org/0000-0003-0265-0210 
Heribert Hofer  https://orcid.org/0000-0002-2813-7442 
R E FE R E N C E S
Adelman,	 J.	 S.,	 Moyers,	 S.	 C.,	 Farine,	 D.	 R.,	 &	 Hawley,	 D.	 M.	 (2015).	
Feeder	 use	 predicts	 both	 acquisition	 and	 transmission	 of	 a	 conta-
gious	 pathogen	 in	 a	 North	 American	 songbird.	 Proceedings of the 
Royal Society B: Biological Sciences,	 282,	 20151429.	 https	://doi.
org/10.1098/rspb.2015.1429
Altizer,	 S.,	 Dobson,	 A.,	 Hosseini,	 P.,	 Hudson,	 P.,	 Pascual,	 M.,	
&	 Rohani,	 P.	 (2006).	 Seasonality	 and	 the	 dynamics	 of	 in-
fectious	 diseases.	 Ecology Letters,	 9,	 467–484.	 https	://doi.
org/10.1111/j.1461-0248.2005.00879.x
Anderson,	 R.	M.,	 &	 Schad,	G.	 A.	 (1985).	Hookworm	 burdens	 and	 fae-
cal	 egg	 counts:	 An	 analysis	 of	 the	 biological	 basis	 of	 variation.	
Transactions of the Royal Society of Tropical Medicine and Hygiene,	79,	
812–825.	https	://doi.org/10.1016/0035-9203(85)90128-2
Ardia,	 D.	 R.,	 Parmentier,	 H.	 K.,	 &	 Vogel,	 L.	 A.	 (2011).	 The	
role	 of	 constraints	 and	 limitation	 in	 driving	 individual	
variation	in	immune	response.	Functional Ecology,	25,	61–73.	https	://
doi.org/10.1111/j.1365-2435.2010.01759.x
Bates,	D.,	Maechler,	M.,	 Bolker,	 B.,	 &	Walker,	 S.	 (2015).	 Fitting	 Linear	
Mixed-Effects	 Models	 Using	 lme4.	 Journal of Statistical Software,	
67(1),	1–48.	https://doi/10.18637/jss.v067.i01
Baylis,	H.	A.	(1937).	Records	of	some	helminths	from	the	spotted	hyaena.	
Annals and Magazine of Natural History,	20,	438–441.
Behnke,	J.	M.,	Gilbert,	F.	S.,	Abu-Madi,	M.	A.,	&	Lewis,	J.	W.	(2005).	Do	the	
helminth	parasites	of	wood	mice	interact?	Journal of Animal Ecology,	
74,	982–993.	https	://doi.org/10.1111/j.1365-2656.2005.00995.x
Beldomenico,	P.	M.,	&	Begon,	M.	 (2010).	Disease	spread,	susceptibility	
and	infection	intensity:	Vicious	circles?	Trends in Ecology & Evolution,	
25,	21–27.	https	://doi.org/10.1016/j.tree.2009.06.015
Beldomenico,	 P.	M.,	 Telfer,	 S.,	Gebert,	 S.,	 Lukomski,	 L.,	 Bennett,	M.,	
&	Begon,	M.	 (2008).	 Poor	 condition	 and	 infection:	 A	 vicious	 cir-
cle	 in	 natural	 populations.	 Proceedings of the Royal Society B: 
Biological Sciences,	 275,	 1753–1759.	 https	://doi.org/10.1098/
rspb.2008.0147
Berentsen,	 A.	 R.,	 Becker,	 M.	 S.,	 Stockdale-Walden,	 H.,	 Matandiko,	
W.,	 McRobb,	 R.,	 &	 Dunbar,	 M.	 R.	 (2012).	 Survey	 of	 gastrointes-
tinal	 parasite	 infection	 in	 African	 lion	 (Panthera leo),	 African	 wild	
dog	 (Lycaon pictus)	 and	 spotted	 hyaena	 (Crocuta crocuta)	 in	 the	




Burke,	 T.	 M.,	 &	 Roberson,	 E.	 L.	 (1985).	 Prenatal	 and	 lacta-
tional	 transmission	 of	 Toxocara canis	 and	 Ancylostoma cani-
num:	 Experimental	 infection	 of	 the	 bitch	 before	 pregnancy.	
International Journal for Parasitology,	 15,	 71–75.	 https	://doi.
org/10.1016/0020-7519(85)90104-3
Bush,	A.	O.,	Fernández,	J.	C.,	Esch,	G.	W.,	&	Seed,	J.	R.	(2001).	Parasitism. 
The diversity and ecology of animal parasites.	 Cambridge,	 UK:	
Cambridge	University	Press.
Bush,	 A.	 O.,	 Lafferty,	 K.	 D.,	 Lotz,	 J.	 M.,	 &	 Shostak,	 A.	 W.	 (1997).	
Parasitology	 meets	 ecology	 on	 its	 own	 terms:	 Margolis	 et	 al.	










Clutton-Brock,	 T.	 H.,	 &	 Huchard,	 E.	 (2013).	 Social	 competition	 and	
selection	 in	 males	 and	 females.	 Philosophical Transactions of the 
Royal Society B: Biological Sciences,	 368,	 20130074.	 https	://doi.
org/10.1098/rstb.2013.0074
Côté,	 I.	M.,	&	Poulin,	R.	 (1995).	Parasitism	and	group	size	 in	 social	 an-
imals:	 A	meta-analysis.	Behavioral Ecology,	 6,	 159–165.	 https	://doi.
org/10.1093/behec	o/6.2.159
Courtenay,	O.,	Peters,	N.	C.,	Rogers,	M.	E.,	&	Bern,	C.	(2017).	Combining	
epidemiology	with	basic	biology	of	 sand	 flies,	 parasites,	 and	hosts	
to	 inform	 leishmaniasis	 transmission	 dynamics	 and	 control.	 PLOS 
Pathogens,	 13(10),	 e1006571.	 https	://doi.org/10.1371/journ	
al.ppat.1006571
Duboscq,	J.,	Romano,	V.,	Sueur,	C.,	&	MacIntosh,	A.	J.	J.	(2016).	Network	






     |  8797FERREIRA Et Al.
Proceedings of the Royal Society of London. Series B: Biological Sciences,	
270,	1247–1254.	https	://doi.org/10.1098/rspb.2003.2363
East,	M.	L.,	Hofer,	H.,	Cox,	J.	H.,	Wulle,	U.,	Wiik,	H.,	&	Pitra,	C.	(2001).	
Regular	 exposure	 to	 rabies	 virus	 and	 lack	 of	 symptomatic	 disease	
in	Serengeti	spotted	hyenas.	Proceedings of the National Academy of 
Sciences of the United States of America,	98,	 15026–15031.	https	://
doi.org/10.1073/pnas.26141	1898
East,	M.	 L.,	Hofer,	H.,	&	Wickler,	W.	 (1993).	 The	erect	 ‘penis’	 is	 a	 flag	
of	submission	in	a	female	dominated	society:	Greetings	in	Serengeti	




Behavioral Ecology,	 20,	 478–483.	 https	://doi.org/10.1093/behec	o/
arp020
East,	 M.	 L.,	 Kurze,	 C.,	Wilhelm,	 K.,	 Benhaiem,	 S.,	 &	 Hofer,	 H.	 (2013).	
Factors	 influencing	 Dipylidium	 sp.	 infection	 in	 a	 free-ranging	 so-
cial	 carnivore,	 the	 spotted	 hyaena	 (Crocuta crocuta).	 International 




hyaena?	 Behavioral Ecology and Sociobiology,	 69,	 805–814.	 https	://
doi.org/10.1007/s00265-015-1897-x
East,	M.	L.,	Wibbelt,	G.,	Lieckfeldt,	D.,	Ludwig,	A.,	Goller,	K.,	Wilhelm,	
K.,	 …	 Hofer,	 H.	 (2008).	 A	 Hepatozoon	 species	 genetically	 distinct	
from	 H. canis	 infecting	 spotted	 hyenas	 in	 the	 Serengeti	 ecosys-
tem,	Tanzania.	Journal of Wildlife Diseases,	44(1),	45–52.	https	://doi.
org/10.7589/0090-3558-44.1.45
Eckert,	J.,	Friedhoff,	K.	T.,	Zahner,	H.,	&	Deplazes,	P.	(2008).	Lehrbuch 
der Parasitologie für die Tiermedizin	 (2nd	 ed.).	 Stuttgart,	Germany:	
Enke.
Engh,	 A.	 L.,	 Nelson,	 K.	 G.,	 Peebles,	 R.,	 Hernandez,	 A.	 D.,	 Hubbard,	
K.	 K.,	 &	 Holekamp,	 K.	 E.	 (2003).	 Coprologic	 survey	 of	 parasites	
of	 spotted	 hyenas	 (Crocuta crocuta)	 in	 the	 Masai	 Mara	 National	
Reserve,	Kenya.	Journal of Wildlife Diseases,	39,	224–227.	https	://doi.
org/10.7589/0090-3558-39.1.224
Fenton,	 A.,	 Viney,	 M.	 E.,	 &	 Lello,	 J.	 (2010).	 Detecting	 interspe-
cific	 macroparasite	 interactions	 from	 ecological	 data:	 Patterns	




fitness	consequences	and	factors	modulating	 infection	 load.	Dryad 
Digital Repository,	https	://doi.org/10.5061/dryad.5qv7v47
Ferreira,	S.	C.	M.,	Torelli,	F.,	Klein,	S.,	Fyumagwa,	R.,	Karesh,	W.	B.,	Hofer,	
H.,	…	East,	M.	 L.	 (2019).	 Evidence	of	 high	 exposure	 to	Toxoplasma 
gondii	 in	 free-ranging	 and	 captive	 African	 carnivores.	 International 





Foreyt,	W.	 J.	 (2001).	Veterinary parasitology reference manual	 (5th	 ed.).	
Ames,	IA:	Iowa	State	University	Press.














T.	 J.,	&	Hofer,	H.	 (2001).	Social,	 state-dependent	and	environmen-
tal	modulation	of	faecal	corticosteroid	levels	in	free-ranging	female	
spotted	 hyenas.	 Proceedings of the Royal Society of London. Series 
B: Biological Sciences,	 268,	 2453–2459.	 https	://doi.org/10.1098/
rspb.2001.1828
Graber,	M.,	&	Blanc,	J.	P.	 (1979).	Ancylostoma duodenale	 (Dubini,	1843)	
Creplin,	 1843	 (Nematoda:	 Ancylostomidae)	 parasite	 de	 l'hyène	
tachetée	Crocuta crocuta	 (Erxleben),	en	Ethiopie.	Revue d'élevage et 
de médecine vétérinaire des pays tropicaux,	32,	155–160.	https	://doi.
org/10.19182/	remvt.8169
Gulland,	 F.	M.	 D.,	 Albon,	 S.	 D.,	 Pemberton,	 J.	M.,	Moorcroft,	 P.	 R.,	 &	
Clutton-Brock,	T.	H.	 (1993).	Parasite-associated	polymorphism	 in	a	
cyclic	ungulate	population.	Proceedings of the Royal Society of London. 





G.,	Watt,	K.	A.,	…	Graham,	A.	 L.	 (2014).	Natural	 selection	on	 indi-
vidual	 variation	 in	 tolerance	 of	 gastrointestinal	 nematode	 infec-
tion.	 PLoS Biology,	 12,	 e1001917.	 https	://doi.org/10.1371/journ	
al.pbio.1001917
Hayward,	 A.	 D.,	 Wilson,	 A.	 J.,	 Pilkington,	 J.	 G.,	 Clutton-brock,	 T.	 H.,	
Pemberton,	 J.	M.,	&	Kruuk,	 L.	 E.	 B.	 (2011).	Natural	 selection	 on	 a	
measure	of	parasite	resistance	varies	across	ages	and	environmen-
tal	conditions	 in	a	wild	mammal.	Journal of Evolutionary Biology,	24,	
1664–1676.	https	://doi.org/10.1111/j.1420-9101.2011.02300.x
Heitlinger,	E.,	Ferreira,	S.	C.	M.,	Thierer,	D.,	Hofer,	H.,	&	East,	M.	L.	(2017).	
The	 intestinal	 eukaryotic	 and	 bacterial	 biome	 of	 spotted	 hyenas:	
The	 impact	 of	 social	 status	 and	 age	on	 diversity	 and	 composition.	
Frontiers in Cellular and Infection Microbiology,	 7,	 262.	 https	://doi.
org/10.3389/fcimb.2017.00262	
Hilbe,	J.	M.	 (2009).	Logistic regression models.	London,	UK:	Chapman	&	
Hall.










Hofer,	 H.,	 &	 East,	M.	 L.	 (1993b).	 The	 commuting	 system	 of	 Serengeti	
spotted	 hyaenas	 how	 a	 predator	 copes	 with	 migratory	 prey.	 II.	
Intrusion	pressure	 and	 commuter's	 space	use.	Animal Behavior,	46,	
559–574.	https	://doi.org/10.1006/anbe.1993.1223
Hofer,	 H.,	 &	 East,	M.	 L.	 (1993c).	 The	 commuting	 system	 of	 Serengeti	
spotted	 hyaenas:	 how	 a	 predator	 copes	 with	 migratory	 prey.	 III.	
Attendance	and	maternal	care.	Animal Behaviour,	46,	575–589.	https	
://doi.org/10.1006/anbe.1993.1224
Hofer,	 H.,	 &	 East,	M.	 L.	 (1995).	 Population	 dynamics,	 population	 size,	
and	 the	 commuting	 system	of	 Serengeti	 spotted	hyaenas.	 In	A.	R.	
E.	Sinclair,	&	P.	Arcese	(Eds.),	Serengeti II: Dynamics, conservation and 
management of an ecosystem	 (pp.	332–363).	Chicago,	 IL:	University	
of	Chicago	Press.
Hofer,	H.,	&	East,	M.	 L.	 (2003).	Behavioral	processes	and	costs	of	 co-	
existence	 in	 female	 spotted	 hyenas:	 A	 life	 history	 perspective.	
Evolutionary Ecology,	17,	315–331.	https	://doi.org/10.1023/A:10273	
52517231
8798  |     FERREIRA Et Al.
Hofer,	H.,	 &	 East,	M.	 L.	 (2008).	 Siblicide	 in	 Serengeti	 spotted	 hyenas:	
A	 long-term	 study	 of	 maternal	 input	 and	 cub	 survival.	 Behavioral 







Proceedings of the Royal Society B: Biological Sciences,	280,	20130624.	
https	://doi.org/10.1098/rspb.2013.0624
Irvine,	R.	J.	(2006).	Parasites	and	the	dynamics	of	wild	mammal	popula-
tions.	Animal Science,	82,	 775–781.	 https	://doi.org/10.1017/ASC20	
06106	
Irvine,	R.	J.,	Stien,	A.,	Halvorsen,	O.,	Langvatn,	R.,	&	Albon,	S.	D.	(2000).	
Life-history	 strategies	 and	population	 dynamics	 of	 abomasal	 nem-
atodes	 in	 Svalbard	 reindeer	 (Rangifer tarandus platyrhynchus).	
Parasitology,	120,	297–311.
Jackson,	 J.	 A.,	 Begon,	M.,	 Birtles,	 R.,	 Paterson,	 S.,	 Friberg,	 I.	M.,	 Hall,	
A.,	 …	 Bradley,	 J.	 E.	 (2011).	 The	 analysis	 of	 immunological	 pro-
files	 in	wild	animals:	 a	case	study	on	 immunodynamics	 in	 the	 field	
vole,	Microtus agrestis. Molecular Ecology,	20,	 893–909.	 https	://doi.
org/10.1111/j.1365-294X.2010.04907.x
Jones,	L.	A.,	Houdijk,	J.,	Sakkas,	P.,	Bruce,	A.	D.,	Mitchell,	M.,	Knox,	D.	P.,	
&	Kyriazakis,	 I.	 (2011).	Dissecting	 the	 impact	of	protein	versus	en-
ergy	host	nutrition	on	the	expression	of	immunity	to	gastrointestinal	
parasites	 during	 lactation.	 International Journal for Parasitology,	41,	
711–719.	https	://doi.org/10.1016/j.ijpara.2011.01.011
Kappeler,	P.	M.,	Cremer,	S.,	&	Nunn,	C.	L.	 (2015).	Sociality	and	health:	
Impacts	 of	 sociality	 on	 disease	 susceptibility	 and	 transmission	
in	 animal	 and	 human	 societies.	 Philosophical Transactions of the 
Royal Society B: Biological Sciences,	 370,	 20140116.	 https	://doi.
org/10.1098/rstb.2014.0116
Keesing,	 F.,	 Holt,	 R.	 D.,	 &	 Ostfeld,	 R.	 (2006).	 Effects	 of	 species	 di-
versity	 on	 disease	 risk.	 Ecology Letters,	 9,	 485–498.	 https	://doi.
org/10.1111/j.1461-0248.2006.00885.x
Knowles,	S.	C.	L.,	Fenton,	A.,	Petchey,	O.	L.,	Jones,	T.	R.,	Barber,	R.,	&	
Pedersen,	A.	B.	 (2013).	 Stability	 of	within-host–parasite	 commu-
nities	 in	 a	 wild	 mammal	 system.	 Proceedings of the Royal Society 
B: Biological Sciences,	 280,	 20130598.	 https	://doi.org/10.1098/
rspb.2013.0598
Koudela,	B.,	&	Kučerová,	Š.	 (1999).	Role	of	acquired	immunity	and	nat-
ural	age	resistance	on	course	of	 Isospora suis	coccidiosis	 in	nursing	
piglets.	Veterinary Parasitology,	82,	 93–99.	 https	://doi.org/10.1016/
S0304-4017(99)00009-6
Kruuk,	H.	(1972).	The spotted hyena: A study of predation and social behav-
ior.	Chicago,	IL:	University	of	Chicago	Press.
Kutz,	S.	J.,	Hoberg,	E.	P.,	Nagy,	J.,	Polley,	L.,	&	Elkin,	B.	(2004).	Emerging	
parasitic	 infections	 in	 arctic	 ungulates.	 Integrative and Comparative 
Biology,	44,	109–118.	https	://doi.org/10.1093/icb/44.2.109
Lee,	K.	T.,	Little,	M.	D.,	&	Beaver,	P.	C.	(1975).	Intracellular	(muscle-fiber)	
habitat	of	Ancylostoma caninum	in	some	mammalian	hosts.	Journal of 
Parasitology,	61,	589–598.	https	://doi.org/10.2307/3279448
Lello,	 J.,	Boag,	B.,	 Fenton,	A.,	 Stevenson,	 I.	R.,	&	Hudson,	P.	 J.	 (2004).	
Competition	 and	 mutualism	 among	 the	 gut	 helminths	 of	 a	 mam-
malian	 host.	 Nature,	 428,	 840–844.	 https	://doi.org/10.1038/natur	
e02490	http://doi.org/
Lindsay,	 D.	 S.,	 Dubey,	 J.	 P.,	 &	 Blagnurn,	 B.	 (1997).	 Biology	 of	 Isospora 
spp.	 from	 humans,	 nonhuman	 primates,	 and	 domestic	 animals.	
Clinical Microbiology Reviews,	 10,	 19–34.	 https	://doi.org/10.1128/
CMR.10.1.19
Lloyd-Smith,	 J.	 O.,	 Schreiber,	 S.	 J.,	 Kopp,	 P.	 E.,	 &	Getz,	W.	M.	 (2005).	
Superspreading	 and	 the	 effect	 of	 individual	 variation	 on	 disease	
emergence.	 Nature,	 438,	 355–359.	 https	://doi.org/10.1038/natur	
e04153
Lynsdale,	C.	 L.,	Mumby,	H.	 S.,	Hayward,	A.	D.,	Mar,	K.	U.,	&	 Lummaa,	








worm	 (Uncinaria sanguinis)	 in	 free-ranging	 Australian	 sea	 lions	
(Neophoca cinerea)	 pups.	 Parasitology Research,	 113,	 3341–3353.	
https	://doi.org/10.1007/s00436-014-3997-3
Marescot,	 L.,	 Benhaiem,	 S.,	 Gimenez,	 O.,	 Hofer,	 H.,	 Lebreton,	 J.-D.,	
Olarte-Castillo,	X.	A.,	…	East,	M.	L.	(2018).	Social	status	mediates	the	
fitness	 costs	 of	 infection	with	 canine	 distemper	 virus	 in	 Serengeti	





Mengel,	 H.,	 Kruger,	 M.,	 Kruger,	 M.	 U.,	 Westphal,	 N.,	 Swidsinski,	 A.,	
Schwarz,	 S.,	…	Daugschies,	 A.	 (2012).	Necrotic	 enteritis	 due	 to	 si-
multaneous	 infection	 with	 Isospora suis	 and	 clostridia	 in	 new-
born	piglets	 and	 its	prevention	by	early	 treatment	with	 toltrazuril.	
Parasitology Research,	 110,	 1347–1355.	 https	://doi.org/10.1007/
s00436-011-2633-8
Meyer-Lucht,	 Y.,	 &	 Sommer,	 S.	 (2005).	 MHC	 diversity	 and	 the	 as-
sociation	 to	 nematode	 parasitism	 in	 the	 yellow-necked	 mouse	
(Apodemus flavicollis).	Molecular Ecology,	14,	2233–2243.	https	://doi.
org/10.1111/j.1365-294X.2005.02557.x
Mooring,	 M.	 S.,	 &	 Hart,	 B.	 L.	 (1992).	 Animal	 grouping	 for	 protec-
tion	 from	 parasites:	 Selfish	 herd	 and	 encounter-dilution	 effects.	
Behaviour,	 123,	 173–193.	 https	://doi.org/10.1163/15685	3992X	
00011 
Nunn,	C.	 L.,	 Jordan,	 F.,	McCabe,	C.	M.,	 Verdolin,	 J.	 L.,	 &	 Fewell,	 J.	H.	
(2015).	Infectious	disease	and	group	size:	More	than	just	a	numbers	
game.	 Philosophical Transactions of the Royal Society B: Biological 
Sciences,	 370,	 20140111.	 https	://doi.org/10.1098/rstb.2014.0111	
http://dx.doi.org/
Olarte-Castillo,	X.	A.,	Hofer,	H.,	Goller,	K.	V.,	Martella,	V.,	Moehlman,	P.	
D.,	&	East,	M.	 L.	 (2016).	Divergent	 sapovirus	 strains	 and	 infection	
prevalence	 in	wild	 carnivores	 in	 the	 Serengeti	 Ecosystem:	A	 long-
term	 study.	 PLoS ONE,	 11(9),	 e0163548.	 https	://doi.org/10.1371/
journ	al.pone.0163548
Paull,	S.	H.,	Song,	S.,	McClure,	K.	M.,	Sackett,	L.	C.,	Kilpatrick,	A.	M.,	&	
Johnson,	 P.	 T.	 J.	 (2011).	 From	 superspreaders	 to	 disease	hotspots:	
Linking	transmission	across	hosts	and	space.	Frontiers in Ecology and 
the Environment,	10,	75–82.	https	://doi.org/10.1890/110111
Pedersen,	A.	B.,	&	Fenton,	A.	(2007).	Emphasizing	the	ecology	in	parasite	
community	ecology.	Trends in Ecology & Evolution,	22,	133–139.	https	
://doi.org/10.1016/j.tree.2006.11.005
R	Core	 Team	 (2015).	R: A language and environment for statistical com-
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved	from	https	://www.R-proje	ct.org/
Råberg,	 L.,	 Graham,	 A.	 L.,	 &	 Read,	 A.	 F.	 (2009).	 Decomposing	 health:	
Tolerance	 and	 resistance	 to	 parasites	 in	 animals.	 Philosophical 
Transactions of the Royal Society B: Biological Sciences,	 364,	 37–49.	
https	://doi.org/10.1098/rstb.2008.0184
Ramsburg,	 E.,	 Tigelaar,	 R.,	 Craft,	 J.,	 &	 Hayday,	 A.	 (2003).	 Age-depen-
dent	 requirement	 for	 γδ	 T	 cells	 in	 the	 primary	 but	 not	 secondary	
protective	 immune	 response	 against	 an	 intestinal	 parasite.	 Journal 
of Experimental Medicine,	198,	1403–1414.	https	://doi.org/10.1084/
jem.20030050
Roff,	D.	(1992).	Evolution of life histories: Theory and analysis.	London,	UK:	
Chapman	&	Hall.
     |  8799FERREIRA Et Al.
Roy,	 B.	 A.,	 &	 Kirchner,	 J.	W.	 (2000).	 Evolutionary	 dynamics	 of	 patho-




munity	 dynamics.	 Trends in Parasitology,	 31,	 212–221.	 https	://doi.
org/10.1016/j.pt.2015.02.005
Sakti,	 H.,	 Nokes,	 C.,	 Hertanto,	W.,	 Hendratno,	 S.,	 Hall,	 A.,	 Bundy,	 D.	
A.	P.,	&	Satoto.	 (1999).	Evidence	 for	an	association	between	hook-
worm	infection	and	cognitive	function	in	Indonesian	school	children.	
Tropical Medicine & International Health,	 4,	 322–334.	 https	://doi.
org/10.1046/j.1365-3156.1999.00410.x
Seguel,	M.,	&	Gottdenker,	N.	(2017).	The	diversity	and	impact	of	hook-
worm	 infections	 in	 wildlife.	 International Journal for Parasitology: 
Parasites and Wildlife,	 6,	 177–194.	 https	://doi.org/10.1016/j.
ijppaw.2017.03.007
Seltmann,	A.,	Webster,	F.,	Ferreira,	S.	C.	M.,	Czirják,	G.	A.,	&	Wachter,	
B.	 (2019).	 Age-specific	 gastrointestinal	 parasite	 shedding	 in	
free-ranging	 cheetahs	 (Acinonyx jubatus)	 on	 Namibian	 farmland.	
Parasitology Research,	 118(3),	 851–859.	 https	://doi.org/10.1007/
s00436-018-6190-2
Seyfarth,	R.	M.	(1977).	A	model	of	social	grooming	among	adult	female	
monkeys.	 Journal of Theoretical Biology,	 65,	 671–698.	 https	://doi.
org/10.1016/0022-5193(77)90015-7
Sheldon,	B.	C.,	&	Verhulst,	S.	(1996).	Ecological	immunology:	Costly	para-




of	mammalian	cystoisosporosis.	Frontiers in Veterinary Science,	2,	68.	
https	://doi.org/10.3389/fvets.2015.00068	
Simon,	A.	K.,	Hollander,	G.	A.,	&	McMichael,	A.	(2015).	Evolution	of	the	
immune	 system	 in	 humans	 from	 infancy	 to	 old	 age.	Proceedings of 























in	 Ruaha	National	 Park,	 Tanzania,	 dig	 for	water	when	water	 stops	




drive	 infection	 risk	 in	a	wildlife	population.	Science,	330,	243–246.	
https	://doi.org/10.1126/scien	ce.1190333
Therneau,	 T.	 (2015).	 A package for survival analysis in S, version 2.38. 
Retrieved	from	https	://CRAN.R-proje	ct.org/packa	ge=survival
Turner,	 W.	 C.,	 Versfeld,	 W.	 D.,	 Kilian,	 J.	 W.,	 &	 Getz,	 W.	 M.	 (2012).	
Synergistic	effects	of	seasonal	rainfall,	parasites	and	demography	on	
fluctuations	 in	springbok	body	condition.	Journal of Animal Ecology,	
81,	58–69.	https	://doi.org/10.1111/j.1365-2656.2011.01892.x
Urquhart,	G.	M.,	Armour,	 J.,	Duncan,	J.	L.,	Dunn,	A.	M.,	&	Jennings,	F.	





Venables,	W.	N.,	&	Ripley,	B.	D.	 (2002).	Modern applied statistics with S 
(4th	ed.).	New	York,	NY:	Springer.
Vicente,	 J.,	 Delahay,	 R.	 J.,	 Walker,	 N.	 J.,	 &	 Cheeseman,	 C.	 L.	 (2007).	
Social	 organization	 and	 movement	 influence	 the	 incidence	 of	 bo-
vine	tuberculosis	in	an	undisturbed	high-density	badger	Meles meles 










Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article. 
How to cite this article:	Ferreira	SCM,	Hofer	H,	Madeira	de	
Carvalho	L,	East	ML.	Parasite	infections	in	a	social	carnivore:	
Evidence	of	their	fitness	consequences	and	factors	
modulating	infection	load.	Ecol Evol. 2019;9:8783–8799. 
https	://doi.org/10.1002/ece3.5431
